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Secondary Ion Mass Spectrometry

1. Infroduction

SIMS is an instrumental technique of microscopicfeze analysis of composition and la
structure of solids [1]8 It is based on the detection of emitted atomid anolecularcharged
particles when a material is bombarded by energetiticles

The most important feature of SIMS is its high s@nty for the detection of most elements
the periodic table including the lightest. Also ion@ant is the ability to distinguisisotopes,
followed by a remarkable depth resolution and @dadynamic range for detection of m
elements (more than 6 orders of magnitude). Thebowation of this set of features makes Sl
an attractive analytical meth. However, as major drawback, dm&s to mentioiits difficulties for
quantificationbecause SIMonly detects the ionized fraction of the species beirgsured, whic
is difficult to evaluate in genere

The technique is of great significance in scienteew materials in the fies of electronics,
optics and mechanics. Within these fieit can be applietb thin layers of different materials, su
as hard coatings for cutting tools, t-film superconductors, amorphous semiconductors)
layers of optical applications, etc. versatility also places it as an important anahjtiechnique
in other fields such as metallurgy, ceramics, ggglorganic chemistry, biology, € Each of the
applications of SIMS is preceded by some consitersit regarding the most appropri
expeimental parameters (vacuum, primary current argtgyn mass resolution, sensitivity, et

The different forms of embodiment of a SIMS witlspect tcthe different types of instrumen
that form it create a variety of SIMS syste. Each system is optized in a certain way that tak
into account the applications that are inten

2. Physical principles

2.1 Fundamentals

SIMS uses amrnergetic primary ions beam (several keV) to bonhltlae sample surface, resulting
the emission of ionized second particles (secondary ionsyhe sputtering proce- which are
detected by a mass spectrom Figure 1 illustrates schematically the basic elém#rat make up
SIMS experiment. In Figure 2 the sputtering prc is representedThe primary ions may | of
various types. The availabpgimary ionsin our instrument are Oand Af.
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Figure 1: Basic blocks that make up a SIM  Figure 2: lllustration of the process of sputteri

experimen

The sputtering consista the implantation of the primary species into g@mnple, and th
emission of surface atoms and molecules due tcetieggy lost by the primary species in
material [3, 6, 7, 9, 10]The thickness of the area affected by the cascddeollisions is
comparable to the primary ion path R which is gileg
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where E is the energy of primary ion, dE/dx thergypdoss per unit length perpendicular to the
surface. For 1 keV Aon copper, dE/dx= 100 eV/A and R = 10 A. A commestingate is R = 10 A
/1 keV.

An important parameter related to the sputterirgr@ss is the atomsputter yield Y, defined as
the average number of atoms emitted per primary Tore sputter yield is related to the energy
transmitted by an incident ion on the target swfam energy loss per unit length in the direction
normal to the surface. For average-mass ions &@l/lenergies, Y takes values between 0.5 and
20.

SIMS is a destructive analytical technique, howewa should clarify that in most cases it
requires only a small volume of material for ansly$\ value of typical crater area in depth
analysis is of the order of 1 MmAn analysis to reach 1 micron deep with an arfed mnf,
represent a material volume loss o £@.

2.2 Secondary Species

As a result of the interaction of the primary beaith the sample, many new species are formed.
For a given material, it is difficult to predict wh secondary species will be formed and with
which ionic proportions, due to the complexity bétmechanisms involved [3, 11h an analysis

by SIMS, one can find any individual atoms that jgresent in the material and also any molecule
that can be formed as a combination of these atalth®ugh many of them may have a low chance
of formation or too low ionization to be detected.

Some molecules are formed inside the material betmeing issued as a result of the
rearrangement of atoms caused by the energy degdsyt primary ions, while others, may be
formed out of the material near the surface by mdsination of atoms and molecules once they
have been emitted. Recombination is also possitttespecies from the residual gas molecules.

Another common problem in the detection of secondgecies is mass interference, that is,
different molecular aggregates with the same mase loincident signals, and therefore, at that
point the sum of all signals is measured. Soméhete cases are resolved by taking as a
representative signal of the element under study tlrresponds to an aggregate of the atom
instead of the mono-atomic ion (for example we meas’Si'’N(42), instead of*“N, which
interfere with?®Si*?in a matrix of Si [12]).

2.3 Energy distribution of secondary ions

Secondary ions leave the sample surface with difteenergies following a certain distribution

which has a single maximum [3, 13, 14]. The maximsimsually located at relatively low energies
of the order of ten eV and depends scarcely ongusirion energy. The energy distributions have
tails that can reach several hundred volts; theentmmplex is the molecular aggregate, the
narrower is the energy distribution. The overalergy distributions depend on the ionization
mechanism, the nature and energy of the primargnbaad the chemical structure of the surface.

Typically, mass spectrometers apply an electricémtial to extract ions from the area where
erosion occurs, which increases the atomic numbésns collected and therefore increases the
sensitivity. However, it destroys the informatidsoat the initial direction of the ion.

In common with all methods of surface analysis mviy either incoming or outgoing charged
particles, surface charging of insulators can lprablem. The surface potential due to charging
causes a large shift on the energy distributiorsefondary ions, taking it outside the energy
acceptance window of the mass spectrometer anchgnakpossible its measurement.

The charging problem requires extra equipment deoto compensate charging effects. The
most common being an electron gun that sprays teasuming surface with electrons, so
neutralizing positive charges. A useful method,lighled by the author, has been incorporated to
our instrument in routine analysis in order to ioy& measurements conditions in insulators [15].

2.4 Quantification
As in any other analytical technique for composisib analysis, SIMS seeks to establish a
relationship between measured signals and the ntmatien of the corresponding elements in the
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material; although in SIMS, this task is especiallymplicated. We may establish a general
equation expressed as

* g,
=

where Ix = Intensity of secondary ion® = Sputter yield,a,” = lonization factor,p =
Transmission of the mass spectrome@yr,= Concentration of element x anth = Intensity of
primary ions.

The likelihood of positive ionization of the elenmeremitted from common matrix, exhibits a
regular dependence of inverse exponential on itinizgootential of the element pulled, and a
similar dependence of the ionization probabilitynefyative ions on electron affinity [6]. But there
are many deviations from this behavior due to tifleseénce of chemical and electronic states of the
matrix and its interaction with the emitted ion, iefh makes the calculation of the probability of
ionization a much more complicated problem. SIM$higque requires, therefore, carefully
calibrations if quantitative results are required.

Quantification is an important issue for any analy®chnique, which has led to enormous
efforts to seek methods and models to convertritemsities of secondary ions into concentrations
of elements present in the material [7, 16]. Tottare is no single model or method of general
application that allows good quantification in m&MS analysis. Empirical or semi-empirical
alternatives often give better results than thémakmodels.

The use of patterns is one of such empirical methusgd to obtain quantitative results in SIMS
[17]. However, the diversity of possible matriceak®s it a challenge to find patterns that have the
same matrix effects as the sample of study. A widskd method to achieve an internal standard
consists of implanting an isotope of the elemdndtody, used as a standard in the depth profile
[18].

I, =Y a

2.5 Sensitivity

SIMS in general may be qualified as the most semsinicro-analytical technique available
nowadays. This is possible, on the one hand, becdgsamount of particles extracted from the
material is large even in a small volume, and @ndther hand, because of the high sensitivity of
modern detectors that can detect the arrival aviddal ions.

The sensitivity in an analysis depends on the spudte, Y, and the probability of ionization,
o, which will determine the minimum concentration af element that can be detected by the
spectrometer. SIMS sensitivity also depends ontthesmission of the detection systepn,A
typical value of the transmission in a quadrupossnspectrometer type is@vhile for a time-
of-flight system is10.

2.6 Detection Limit

The detection limit for a certain element is defiress the minimum concentration of this element
that can be analyzed. A typical detection limitStfS is of the order of 1 ppm, although this value
varies considerably depending on the element anchtirix in which it is located.

The detection limit is determined by the backgrouridnsity obtained for a given mass and a
set of analysis conditions [6, 19, 20, 21]. The moportant background sources in SIMS (mass
interference, residual gas on the sample surfaeeary effects, etc.) have been studied by many
authors [3, 19, 20, 22, 23, 24, 25].

3. Methodology

3.1 Static and dynamic

When the sample is bombarded with a primary iomigh enough density, there is a significant
erosion of the surface and these surface atomardagre lost. This corresponds to thaamic
SIMSregime [3, 26, 27]. From the data given by the ngpEsctrometer as a function of time, it is
possible to infer the composition of the material anly on the surface but also in depth. If the
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applied ion density is low enov, it will lead to a situation in which the primaryns are unlikely
to affect an arearpviously affected by the incidence of another fatben before. Under the:
conditions, most primary ions impie on an unexposed surface amat previouslybombarded.
This situation is known as tlseatic SIM S regime (SSIMS), andorresponds ta purely technical
analysis of surfaces [3, 5, 7, 28]. The SSIMS ciiowlidecreases witbombardini time so the
analysis must be performed in the limited time befthis condition is substantially lost. T
instruments implementing a SSIMS require -transmssion analyzers. Instruments devotec
SSIMS are usually highlgpecialized in this type of analysis and are maapyplied in organi
chemistry and biology.

3.2 Bulk analysis

The easiest SIMS analysis is to mampingea relatively focused ion beam firmly on a surf
and record the secondary signals obtained in aerafignasses. The ion beam produces a ¢
with a shape resembling an inverted Gaussian. dhgare extracted frondifferent parts of th
crater (one of the walls, sonpartof the bottom) and it is not possille associate a well defin
depth to each of the signals being measured. Thasunement of secondary signals infs us
aboutthe composition of the material at an average dbptiveen the suace ancthe bottom of
the crater. Thizolume analysis which will be more representativ¢he material as a whc the
more homogeneous the material in d is. This method, although it cannot distinguish Vawizs
of elements with depth, has a very ple implementation and is useful for identifyinghgmonents
of a material or the presence of impuri

3.3 Depth profile

Working in dynamic regimesecondary ions are detected from a certain depthat intervals o
time, and therefora collection f intensities as a function of depthhn be obtained.his type of
measurement is called a depth prcand it is probably the most widely usethod in SIMS. Ir
practice, the signals are obtained directly in sesafbombarding time and nat termsof depth. In
order to re-scale the graph frdmambardinctime to depth units, i necessary to know the sput
ratez [29, 30, 31]. Figure 3 shows an example of deptiilp obtained in our instrumeifor a
diamond thin film on #o substrate, bombardey O2".
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Figure 3: In depth profile obtained with our instrument o
diamond thin laye

To obtain reliable depth profs, the detected species must come from a specifithc
Therefore, this techniquseeks to produce a crater that has a flat bottamncansider only th
species that come from this area. One way to aelilgs is by scanning the primary beam soit
scrollsregularly and homogeneously a controlled area®ftirface, usually squi-shaped. In this
way, a flat bottomed crates obtainedalthough the section of the beam is not of consionic
strength. In synchronismrith the primary beam tracking window centered in the scanning zc
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that records only the ions from this area can bimel@ by electronic switching. Figure 4 illustrsite
the concepts mentioned in a square-shaped crateswept x/y.

3.4 Dynamic range

An important feature of SIMS is its large dynamamge. This is defined as the ratio between the
maximum and minimum intensities of a particularosetary species that can be measured in an in-
depth profile. The minimum intensity is determir®dthe background signal corresponding to the
secondary ion being measured, and it may depenth@relement and the conditions of the
analysis. The value of the dynamic range reache® rtitan 6 orders of magnitude for many
elements depending on the species, the materialeabdonditions. In profiles of B implanted in
Si, dynamic ranges > 5x18re obtained. This characteristic explains why SHiasurements are
usually expressed in logarithmic scale. In thisreéspntation, it is possible to see simultaneously
the major and trace signals in the same graph.

3.5 Depth resolution

The atomic mixing produced by the primary ion bondbaent limits the depth resolution at which
elements are detected. Basically, the depth réspludepends on the mass and energy of the
primary species, and their interaction with thgeéamatrix [3, 32, 26, 6, 10]. In practice, theafin
depth resolution in a profile may also depend dreiogeometric factors such as the flatness of the
crater or the roughness of the sample surface.h®notactor that may be important is the
roughness induced by the bombardment [24, 33].

3.6 Mass Spectrum
A mass spectrum consists of recording the interdityrange of secondary species as a function of
mass (exactly in terms of m/q). The spectrum wolhtain information about the elements present
on the surface. A mass spectrum could be obtaifted @revious bombardment of the surface in
dynamic regime, in order to position the primarynsoat a certain depth and to know the
composition of the material at a distance from $ueface. Figure 5 shows a mass spectrum
obtained with our instrument for a Ti alloy bombeddvith oxygen primary ions. Signals of mono-
atomic elements and also aggregates formed by aib@sand Ti can be observed.
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4. Instrumentation, ion micro-probe Atomika A-DIDA 3000-30

4.1 Presentation

The basic instrumentation required for SIMS wasdatkd in paragraph 1. This section briefly
gives particular details of the components andaitaristics of our instrument, an ion micro-probe
A-DIDA3000-30 [34].

The ion micro-probe A-DIDA 3000-30 is a compact SMnanufactured by the german
company Atomika. This SIMS is of general use, reddy versatile, suitable for routine
applications but mainly focused on analysis by kepbfiling. It is of relatively simple structure
compared with models from other companies, but aitteptable performance and versatility. The
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most important technical specifications of the imicro-probe Atomika A-DIDA 3000-30 are
shown in Table 1.

j
il i
i
f

Figure 6: Main front view of the ion micro- Figure 7: Enlaraed view of main chamber
probe A-DIDA 3000-30. gure 7 9

4.2 Vacuum system

SIMS experiments are carried out in ultra-high wanuor two different reasons: firstly, to prevent

the spread of primary and secondary ions alongats, and secondly, to avoid interference of the
gases that are deposited on the surface to inaésti§ wide variety of vacuum pumps are used
such as turbo-molecular pumps, ionic, diffusionsdiblimation, cryogenic wall, etc. Some of them
are coupled in tandem with another pump so thdt eae works within a suitable pressure range.

4.3 lon gun

Our complete ion gun consists of an ion source,ian extraction system inside of it, an
acceleration system through a potential differeic® to 15 kV) to determine the final energy of
the beam, a system of deflectors for alignmenheflieam, a focusing lens system to collimate the
beam, and a deflector x/y to position the beam tangican it. The set of ion extraction system,
acceleration, deflection, alignment, focus and nfdts is called primary ion optics. Figure 8
shows a schematic diagram of the main elementsrtaké up the A-DIDA ion gun.

Table 1. Summary of major technical specifications of thmrAika ion micro-probe A-DIDA
3000-30.

Priamary ions species A0,

Angle of incidence 2° (almost normal)
Primary ion energy 0.5 keV to 15 keV
Primary ion current <10 A to 2x10° A
Densidad de corriente iones primarios 2A0cm’ to 2x10° Alen?’
Primary ion source size 5-10 umto 2 mm
\oltage of sample holder [-60 V, +60V]

Beam scanning amplitud 0 to 1-2 mm energy as
Base pressure 10- 10°Pa

Extraction voltage for secondary ions +100 V

Mass range 0-350 amu

Mass resolution at 28 amu 0.05 amu

4.4 Mass Spectrometer

The other essential part of a SIMS is the masstgpaeter, which is responsible for measuring the
mass of secondary ions. In the micro-probe A-DICAe mass spectrometer consists of a
quadrupole mass filter with a high transmission anspecial secondary optics in the entry for
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capturingand filtering in energy the secondary ion, ardetector device for individual partis of
the electron multiplier typéchaneltron). Figure 9 shows a schemdiagramof the spectrometer
with the main elements.

The use of quadrupolspectrometerhas some advantages suhfew memory effects, fe
problems in the analysis of insulating materialst fawitching between modes of detectior
positive and negative ionsupport for easy positioning of the samjoperatiorand maintenance

4.5 Computerized system

The data acquisition, program analysis and aut@masystem are entrusted to a perscPC
computer system with IEEE and R2 standard communications. Thentrol software has been
programmed in VisuaBasic language and entirely developed by the a The user Interaction
runs in a Vihdows environmenand the graphs and data are saved in std ASCII format,
compatible with mossoftwareapplications.
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Figure 8: Schematic view of the mai Figure 9: Schematialiagran of the quadrupole
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5. Examples of applications

The SIMStechniques applied in i wide variety offields related with the scienc of new materials
thanks to its versatilitylt is an indispensabltool in many fields suclas electronics, optics,
metallurgy, superconductors, geology, etc. Nevégtsits biggest drawbackust be indicated: the
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difficulty to quantify. In the following, | will sbw some illustrative examples of applications
where our instrument has been used for the descnilgasurements.

5.1 Analysis of the metallic coating of a car emfle
Firstly, the sample was subjected to a spectrdysisan order to identify the main components of
the alloy. A mass spectrum from a mass range &®Bealnu was performed. The result is shown in
Figure 10, where the presence of In can be idedtdis the main constituent of the coating. Also C
is detected (probably from the plastic materiahef substrate) along with some contaminants.
Once In and C were identified as main elementsplaened to do a Dynamic Analysis. An in-
depth profile was carried out following the In a@dignals. The result is shown in Figure 11, and
confirms the presence of a thin coatirg@0 nm) of In deposited on the plastic substrate.

5.2 Cathodic chromium carbide coatings

In this application, chromium carbide coatings d#gal on hardened steel probes were
analyzed. The coatings were obtained by cathodiewporation (CAE) from chromium targets in
reactive acetylene gas [35]. The effect of the dejom parameters on composition and crystalline
structure was characterized by means of SIMS artgy techniques. Figure 12 shows the SIMS
analysis of the sample. The depth composition lgfif Cr and C reveal a good uniformity in the
chromium carbide region, a sharp transition betwtwn chromium carbide and the chromium
nitride regions and a two-fold higher erosion fatethe nitride than for the carbide.
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5.3 Nanometer-metal multilayer

In this work, the depth resolution (interface width elemental analysis and depth profiling of

complex layer systems of three ion-probing techesguncluding SIMS was analyzed. Each

technique has advantages and drawbacks [36]. Fnemesults, it was concluded that SIMS is

suitable and complementary technique for in-defgmental analysis of metal-multilayer stacks of

nm individual thickness. A very good correlatiortviaeen nominal thickness and calculated values
was found between the depth profiles obtained uSIiMS and those obtained by other techniques,
in spite of the fact that the analytical methodsemeery different in each case.

5.4 Nanometric chromium/chromium carbide multilayer

This example shows the analysisnoétal/ceramic multilayer with periods in the nantmeerange
[36]. These materials have been proposed as protectatgs due to their improved tribological
and mechanical properties as compared to singléngsaSecondary ion mass spectrometry
confirmed the periodic multilayered structure
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5.5 Hydrogenated amorphous carbon films on silicon
Hydrogenated amorphous carbon films deposited boosi by r.f. Plasma decomposition of
methane were analyzed by SIMS [37].

The dependence of the Si-C transition width on tsates temperature and homogeneity of the
carbon layer were studied. For films depositedeadrnigerated substrates, the Si-C transition width
was found to be two-fold higher than for the filmdseposited on unrefrigerated substrates. The
secondary-ion mass spectrometry signal intensitidbe main constituents are constant over the
whole carbon layer (see Fig. 15). Th&-@-C" signal ratio is constant in the deep region but it
increases towards the surface; this result seemslicate that some degradation of the film occurs
during the growth process.

Counts

Figure 14: SIMS depth profile
0 | 100 ' 200 ' 300 ' 200 analysis of the 30/30 nm Cr/CrC
etching time (min) multilayer.
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